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es. Economic consi 

y the DRAGON p r o j e c t ) ,  

b. ABSTRACT. The breeder cka r i  
moderated h igh  temperature r 
type f o r  t he  thor ium 232-uri 
studied, i n v e s t i g a t i o n  bein: 
p o i n t  o f  minimum doubl ing t i  
are  ignored. The BABS progr 
thorium conver ter  developed 
expanded and improved f a r  tf. 
(GABS program) was ern 

I .  I n t roduc t i on  

The p o s s i b i l i t y  of generating f is  
uranium 238 by neutron capture with s u  
i s  u t i l i z e d  i n  breeder reac tors .  Thus 
t o  the formation of a plutonium 239 nu 
by f a s t  neutrons while a neutron captu 
formation of a uranium 233 nucleus. U 
thermal reactors  (see Fig. 1). 

ionable fue l s  from thorium 232 o r  /3** 
sequent conversion of  the  atom nucleus 
z neutron capture i n  uranium 238 leads 
leus which is  highly subject  t o  f i s s i o n  
3 i n  thorium 232 f i n a l l y  leads t o  the  
33 i s  a good f i ss ionable  fue l  f o r  

With the  simultaneous presence of reeder material  (Th232 o r  U238) and 
w possible  t o  maintain a chain iss ionable  fue l  i n  the  reac tor  it is  

eact ion.  Secondly, the  burned-up f iss t ionable  fue l  i s  la rge ly  replaced by 
llbredll f i s s ionable  f u e l .  With a s u i t  e design of the  fue l  c i r c u i t ,  such a 
system is  not only incapable of makin 

* A l l  calculat ions i n  t h i s  study wer 
University of Bonn. 
** Numbers i n  the  margin ind ica te  pa 

o with a s ing le  fiss5onable fue l  

i ed  out on the  IBM-7090 of the 

ion i n  the  foreign t e x t .  
_ _  
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Figure 1 .  Schematic Drawing o f  Conver ion i n  t h e  Case o f  t h e  Th232 - U233 
Breeding Cycle  ( T h e  Nuclides i n  Parent eses Were Not Considered i n  t h e  
Calculation o f  Burn-up. 

charge, but it can generate more f issi  nable fue l  than it consumes. 
l a t t e r  i s  the  case, so much excess f isqionable  fue l  i s  generated a f t e r  t he  
doubling t i m e  t h a t  an i n i t i a l  charge is avai lable  f o r  another reac tor  of 
t h i s  type.  

If the  

Since such breeder reac tors  require  only one fue l  feed t o  r e l a t i v e l y  
abundant U238 and Th232, i t s  developmerit i s  necessary due t o  the  shortage of 
U 2 3 5  f i s s ionable  f u e l .  Breeder r e a c t o p  a l so  need no more expensive enrich- 
ment systems. Admittedly, a reprocessing system i s  necessary f o r  the fue l .  

2 
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thorium breeder because /5 - r o l  rods, no excess 

. 
ous loading and two types of fue l  ele 

This program was expanded and imp2oved f o r  t he  ca lcu la t ion  
reactors  (GABS program). 

2 .  T h e  F u e l  Ci rcu i t  o f  t h e  Thorium Breeder 

In the  study conducted he from the  conditio 

account. 

with simultaneous removal of t he  fue l  dlements having the  highest  degree of 

ro t a t ion  of t he  spheres has the  advantage t h a t  a l l  combustion elements are 
burned up almost uniformly. 

After  rad ia t ion  i n  t h e  reac tor ,  t e f u e l  i s  separated from t h e  f i s s ion  
products i n  the  reprocessing i n s t a l l a t i o n ,  
takes about 0 .8  year,  including the  precooling time 

The present  water reprocessing 
f o r  the  decay of t he  

high r ad ioac t iv i ty  of the  t i o n  time and t ransporta-  
t i on  times. In addi t ion,  t be reckoned with during 
the reprocessing. The f is  completely removed. 

The long reprocessin l e  e f f e c t  on the  

3 



a method has been proposed by 
reprocessing of changed-off pa 
about 2,OQOoC-2,20O0C. The de t h i s  regeneration method i s  
t o  achieve a 10% reduction of 
already after a few hours [3] .  ium, molybdenum and 
technetium isotopes a r e  exceptio moved. To prevent the  
concentration of  these nuclides from 

s pa r t i cu la r ly  su i t ed  f o r  t h e  

The condition of equilibrium i s  s tudied which is  present wh 
of uranium reduced by reprocessing losses  and by breeding gain i 
edly t o  the reac tor  core. A l l  then have almost 
sa tura t ion  concentration i n  t h  

If the  reac tor  core cons is t s  of only one f u e l  zone, then the neutron 
outflow i s  above 2.5% (see Diagram 1) even a t  2,000 Mwel a t  usual power 

ous reac tor  

thickness of 
the  outer  thorium zone, 

-cooling time determined by reprocessing-of the  fue l .  To a ce r t a in  extent ,  
protactinium i s  a l a t e n t  f i s s ionable  f u e l  c a r r i e r  which increases the  gain 
of f i ss ionable  fue l  during the cooling time. 
fue l  always takes  place i n  breeding re c to r s ,  and generally,  s ince  there  i s  
a ,cooling time ( in  the  case of t he  reg nerat ion method, the  reprocessing 
period i s  so  shor t  t h a t  w e  can no long r speak of a cooling t i n e ) ,  the 
breeding f ac to r  C must be determined i 

Since a reprocessing of the  

the following fami l ia r  way: 

(4 01) 

4 



where n = the  number of rons p e r  neutron 
abso 

i n  t h  

I .  = n i i m h p r  n f  nPii 

A = number of abs 

a i n  w e  I 

The breeding f ac to r s  given i n  t h i s  s t  

lated 

t h i s  manner. 

The 0 value which occurs 
the  f i s s ions  i n  U233 and U235, a l so  i n  
protactinium and U234 as well as U236 
group value of  the t o t a l  neut r  
n-values of t h i s  type a r e  l ist  

TABLE 1 .  ;V VALUES OF A 

.THE LOWER T 7 U - E - S  CORRES 
ONES TO A POWER DENS iTY”^DF3-”WTcFii3 -(KEUTKDNTEMPERATURE 9006K). 

ND TO A POWER DENSITY OF T- ‘WT?S;TKEUPPER- 

With regard t o  the  da ta  i n  Table 
f i s s ions  component i n  the  U-value amo 
neutrons l o s t  by leakage is  taken i n t  
the introduction of a buckling term B 
about 4,650 MWth (2,000 Wel) is  taken as a bas i s  f o r  the s tud ie s .  

terms corresponding t o  the  individual power dens i t i e s  of the  reac tor  core a re  
l i s t e d  i n  Table 2 .  A d i s t inc t ion  is  e between two reac tor  cores with 
d i f f e ren t  blankets (blanket A and b l a  e t  B). Blanket A reduces the  neutron 
outflow by about 50% comparison t o  a 

it should be noted t h a t  t he  rapid 
ts t o  about 0.5%. 
account i n  the  burn-up calculat ion by 

A reac tor  with a thermal power of 
The B2 

The number of 

g le  zone reac tor ,  blanket B by 75%. 

;kJ; Commas indica te  decimal po in ts .  
I I- 
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LEAKAGE FOR A 
OF POWER D.ENS.ITY. 

The neutron losses  by leakage and jabsorption i n  the  graphite with 
respect t o  a neutron ab i n  Table 3 ( i . e .  

The xenon por t ion  ing power density and 

increasing moderation r 

) a t  S = 3,000. 

power and on 

a t  10,000 MW 
/g, high values 

for kwth/g[f iss ionable  fue l ]  s averaged over 

time are  s ign i f i can t  f o r  the  reac tor  core) .  
I 

B 
Assuming t h a t  no p ro tac t in  

when it does undergo f i s s i o n ,  t 
( i  .e .  equilibrium concentration n the  reac tor  core) ,  the Pa-portio 

( A ~  a 
a t  S = 3,000 and 0.038 . . .  0.060 MW/m ) a t  S = 5,000. (Pa counts 
double i n  the  balance shee t ) .  
balance sheet .  I t  i s  ac tua l ly  imum when the  Pa-portion is  a t  i t s  
maximum. 

6 

es f i s s i o n  i n  the cooling times o r ,  
been burned-up f o r  a long time 

?I 233)  a t  most and has the  fo  ues: 0.030 .... 0.050 ( for  4...7 MW/m) 
3 

of U236 is a l so  of i n t e r e s t  on the 

i . e .  Table 4 i s  applicable aisuming t h a t  protactinium does not 



LL  
0 

W K  
A 0  r n k  a 
I- 

m 
w 
a) 

24 
S m 
c 

m 

t 
w .- 
3 
n 
a 

II 
w 

3 
.- 
n 
m 

..* 
> s 

7 



x . I1I.X--. ,-”- 

The remainder o f  t he  A terms represent  t h e  neptunium and the  remaining 
f i s s i o n  products.  Assuming very sho r t  cooling times, the  remaining term 
amounts t o  0.012 a t  5,000 MWd/ 
MWd/ t . 0 MNd/t and 0.043 a t  20,000 

The breeder f a c t o r  C and t h e  s power R (kW /g 

g t i m e  T 
t h  [ f i ss ionable  fue l ]  

1 D‘  are t h e  determining f ac to r s  of t he , ’  .Y 

If t h e  excess (C-1) Calp-m/TB 

f u e l ,  v = reprocessing losses, A = 
u n i t  of volume of  t he - r eac to r  core,  

co l lec ted ,  then a f te r  TD years  we havei the required amount f o r  t he  f i rs t  
inventory of another reac tor :  

fue l  atoms p e r  
reac tor )  are 

1 

In  general ,  t h i s  amount is  not  y e t  s u f f i c i e  r operation because 
o r ad ia t ion  t i m e  T i n  B 

nother f u e l  i s  needed i n  t h e  r a t i o  co 
rde r  t o  f i l l  up the  f u e l  c i r c u i t .  

This formula f o r  t ed more completely as 
ollows : 

(4.03a) 

(4.03b) 

(4.02) 



The l a s t  equation can be represented somewhat more c l ea r ly  f o r  rough 
calculat ions by the in t roduct i  

(4.04) 

1 /14 The derived formulas f o r  t h e  d v a l i d  f o r  t he  first - 
breeder reac tor .  If t h e  i n s t a l l e d  eder reac tors  has become 
so  great  t h a t  t h e  doubling gain can immediately be used again, then the  amount 
of f i ss ionable  f u e l  increases  organica ly .  The doubling times according t o  
equation (4.03b) are then reduced by t k e fac to r  ln2. The doubling times 
given i n  t h i s  study a r e  understood f o r i t h e  f irst  breeder reac tor .  
breeding times i n  t h e  case of organic 
mult ipl ied by ln2. 

To a t t a i n  
rowth, t he  values must ac tua l ly  be 

If t h e  breeding f a c t o r  i s  grea t  han one, then a breeding gain r e s u l t s .  

t h  uranium i n  g/MW a, which i s  This breeding gain i s  defined 

separated a f t e r  reprocessing as excess fue l  and i s  no longer needed f o r  t he  
continuous operation of t h e  reac tor .  

If the  breeding gain i s  r e l a t ed  t 

This quant i ty  w i l l  be zero wh 

t h e  year ly  throughput of uranium 
through t h e  reprocessing i n s t a l l a t i o n ,  then we, obtain the  breeding component 
( in  %). ng gain becomes zero, and 
a l s o  when at a very shor t  hput ( in  t h e  case of 
f i n i t e  breeding gain!) becomes very lakge. Thbs the re  are r ad ia t ion  times i n  
which the  breeding component has a max$mum. 
reprocessing of t h e  f u e l  always invol 
respect  t o  throughput). 
rad ia t ion  times must be se lec ted  w i t  

That i s  in t e re s t ing  because a 
s material  losses  ( in  per cent with 

To make thes  as ins igni f icant  as possible ,  t he  
maximum breeding component. 

With t h e  a id  of t he  breeding gain:, it i s  simple t o  determine t h e  doubling 
t i m e  : i 

Fuel charge 
Breeding ga i  (4. O S )  

. 
. I .  

Discussion of the Computer Results' 
i 

i 
! 

Before t h e  f u e l  is  reprocessed, g methods require  
a ce r t a in  cooling t i m e .  During t h i s  233, among o ther  
things,  has an opportunity t o  under 

i/15 
1 
1 

i 

. . . .  , . . . . . . -_. .. . . .., . " _I- 1" _. .. i...... ., -I " ,. ...l,-t ...-. ... " .. .,... .... .- '.. .. . .."".."~" "'., --*xm.,nl. . A 
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i m e  over t h e  r ad ia t ion  t i m  

.. rad ia t ion  t i m e .  A cooling time of 0.5 years is  equivalent t o  an i n f i n i t e l y  
Long cooling time. i 

i 
Since t h e  cooling t i m e  is  extendediinto t h e  doubling time, the  longest 

log ica l  cooling time with respect  t o  thk doubling times amounts t o  0.25 years.  
The water reprocessing methods which take a t  least 0.8 years,  are thus not veri 

1 

* 

advantageous f o r  a thorium breeder.  
J 

The influence of t he  repr  breeding gain is  explained i n  
Diagram 4. In order t o  obtain onent a t  cargain reprocessing 
losses ,  t he  breeding component a t  0% reprocessing losses  i s  reduced by the  
value of t he  reprocessing losses  (e.g. p .4%).  From the  curve thus obtained we 
read o f f  t h a t  i n  the  presence of reprocbssing lpsses t o  achieve an e f f ec t ive  
breeding gain there  i s  a minimum and a &aximum on period. A t  both 
r ad ia t ion  periods the  breeding gain i s  kero an ubling time i s  i n f i n i t e .  
Correspond*ng l y  ere i-s --a -maximm-br&&i-ng-- g ce r t a in  optimum- radia-  
t i o n  time. This breeding gain i s  increbsed by nium 233 (3-6%) result in1 
from t h e  protactinium undergoing f i s s i o h  and i e ly  proportional t o  the  
doubling time. The curve of the  doubli g time as a function of rad ia t ion  time 
i s  p lo t t ed  i n  Diagram 5 f o r  purposes o f i in t e rp re t a t ion .  The minima of t h e  
doubling times r e su l t i ng  from the  reproFessing losses  are cha rac t e r i s t i c .  
t h e  following, t he  conditions of i n t e r p t e t a t i o n  which lead t o  minimum doubling 

1 
In  

z times are of i n t e r e s t .  i 

4.2. 

invest igat ions i n  t h i s  repor t :  

Thermal power 4,650 MW 

900" K 

Fuel temperature 950°K 

Number of graphi te  atoms 

Moderator temperature ! 

I 
5 . - ~ * 1 0 ~ ~  cm-3 

Effective cross-section of 
- ~ _" -__.__I_^ . - --I_ - h i t e  absorption x "  f o  I "_- _I x _-  - 

10- 
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(2,200 m/s) 

Self-shielding f a c t o r  
(when not  otherwise ind ica ted  1.0 

> 

After  t h e  water reprocessing be only in s ign i f i can t  amounts 
of f i s s i o n  products i n  t h e  fue l .  

For a graphite-moderated thorium reac to r  with blanke 
average power dens i t i e s  of  3 - 6 w/cm 3 i moderation r a t i o s  
and cooling times of  t h e  f u e l  'were con 
0.25 years .  

c ted  during r ep r  

* Optimum cooling tiws (Diagram No 6 ) ,  optimum moderation r a t i o s  

(Diagram No. 7) and optimum rad ia t ion  t es (Diagram No. 8) can be given f o r  - / I 7  
t h e  given reprocessing losses w i m u m  doubling times (Diagram 
No. 1 2 ) .  In  Diagrams 10 and 11 lues  and burn-ups corresponding t o  
t h e  optimum rad ia t ion  times are 
breeding f a c t o r s  . am No. 9 contains t h e  optimum 

The doubling t i m e  decreases with decreasing power dens i t i e s  ( large 
r eac to r  core ,  small leakage losses)  and small reprocessing i o  
a t t a inab le  doubliqg times are too h i g h , t o  be of  i n t e r e s t  f o r  a breeder.  
addi t ion,  t he  s p e c i f i c  power i s  1 

small t o  achieve economical f u e l  e foreseeable fu ture  
even with considerat ion of  the reductiqn of reprocessing and f ab r i ca t ion  
cos ts .  
cal t o  study t h e  case of  a r eac to r  wi 
The breeding f ac to r  is somewhat higher  
losses .  
f u e l .  1 

In 

burn-ups 

Since t h e  doubling times are tqo  high from t h e  beginning, it is  logi-  
operates with i n f i n i t e  doubling time, 
an one t o  equal ize  t h e  reprocessing,  
i n i t i a l  core supply of  f i ss ionable  

- - c ~ "  

Such- a r eac to r  requi res  only 

The burn-ups which can be achieved with such a system are p lo t t ed  i n  
iagram 13.  

i 

The r a t i o s  are somewhat more favo@able with blanket B which i n  comparison 
t o  blanket A reduces the  neutron leaka e losses  by one ha l f .  

Optimum conditions which lead t o  minimum doubling times are presented 
f o r  t h i s  case i n  Diagrams 14-18. The minimum doubling time which can be 
chieved i s  found i n  Diagram No. 19. f3y comparing Diagrams No. 7 and 16, i t  
an be determined t h a t  t h e  accepted blanket B allows a 30% higher  s p e c i f i c  
ower than blanket A. I 

To obtain lower doubling times, i 4  i s  necessary t h a t :  
3 

1. t h e  average power densi e small (<4 MW/m ) , 
~I - _I - - " - "_. x 

11 



2 .  t he  Peproeessing lo s se  small (<0,5%, o r  b e t t e r  < 0.2%), 

3. the  cooling time n O.la, 

. t he  r ad ia t ion  ti 
burn-ups < 5,000 

The doubling 
( spec i f ic  power 1 

f 
eE 

The above-named - l_l- conditions can en t  with t h e  
4 usual water reproces g osses) .  Thus 

Diagram 20 shows t h e  
water reprocessing method, 
t h a t  a graphi te  moderated r eac to r  with a s t r i c t l y  dimensioned blanket does 
not achieve a log ica l  doublzng of  t h e  water reprocessing 
method. Thus it is more econo the  rad ia t ion  time and thus 
the  burn-up t o  such an extent  ing time becomes i n f i n i t e .  

be achieved with the  use of  t he  
They are much less favorable. Diagram 20 shows 

Diagram No. 22  shows such a maximum burn-up. 

neglected. 

Arbi t rary cooling time i n  the  case of regeneration ( i . e .  from 0 t o  0 .2  

0% uranium losses  ( i .e.  < 0.5 O / O O )  i n  t h e  case of regeneration, 
t 

regeneration. 
. I  

1-2- 
I .  



-0 5 /00 uranium losses  i n  the  case of water reprocessing, 

cooling t i m e  i n  the  

ing  a B blanket.  

cooling t i m e  i n  the  

ing  a B blanket.  

i m u m  rad ia t ion  
, the  s tud ie s  were 

e -mentioned 

, 
Since the  cooling t i m e  of case of water reprocessing 

i s  longer than the  rad ia t ion  t 
fuel  charge i n  the  operation of the  reac tor ,  a second must be ava i lab le  i n  
order t o  continue reac tor  operation afeer the s t a r t  o f  water reprocessing. 

), i n  addi t ion t o  the  actual  

Water Reprocess Ing 
, "  

Figure  2 .  
t h e  Operating L i f e  of t h e  Reactor.! 

Distribution of t h e  Tiqes fo r  Water Reprocessing During 
t 

i 

Thus temporarily, a complete f u e l  charge o f  the  reac tor  core i s  present ' 

i n  the water reprocessing (see Fig. 214 

After  the  water reproces charge l ies  unused u n t i l  i t  i s  
again i n  the  reac tor  at  f repmcessing of the next r e a c t o r ?  

I-- ge * 
"...."_I- x * .  
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If the  number of regen 
grea t  t h a t  i n  addi t ion  t o  t 
is  a l s o  t i m e  f o r  a second, 
f u e l  charge whose f u e l  i s  n 
ava i lab le  t o  the  first reac 

..-* 

i t h  t h e  mused 

". . 

In t h i s  manner, two r e a  

If t h e  number of  regener 

operate  with t h i s  method, t h  
Diagram 23). With an increas  
doubling time becomes increas  

i t h  an increasing number of  regene 

From Diagram No. 23 w e  read t is  necessary a f t e r  
t h  regard t o  minimum 

doubling times, Seven t o  t en  r a r ad ia t ion  time 
of 0.25, f i v e  t o  seven regener a t ion  time of 0.5 
before a water reprocessing. 

The favorable i n t e r p r e t a  
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